The Nuclear Spectroscopic Telescope Array (NuSTAR) is the first focusing high energy (3-79 keV) X-ray observatory. The NuSTAR project is led by Caltech, which hosts the Science Operations Center (SOC), with mission operations managed by UCB Space Sciences Laboratory. We present an overview of NuSTAR science operations and describe the on-orbit performance of the observatory. The SOC is enhancing science operations to serve the community with a guest observing program beginning in 2015. We present some of the challenges and approaches taken by the SOC to operating a full service space observatory that maximizes the scientific return from the mission.
INTRODUCTION
Development of operations systems and processes for low cost space observatories must be cognizant of the paradigm of decreasing operations costs during extended mission phases. Space observatories are a finite resource where the preliminary objective of mission operations is to support a short primary mission (usually 2-5 years) with no guarantee of funds being available for extensions past the original contract. The primary operations goal is always to optimize scientific output of each observatory within a finite lifetime and with limited and decreasing funds. We present an overview of the science operations for the NASA's latest space telescope and describe the adjustments that were needed to respond to the on-orbit performance of the observatory.
The Nuclear Spectroscopic Telescope Array (NuSTAR) 1 is the newest space astrophysics observatory within NASAs small explorer program. These missions are constrained to be low cost with a short development and construction phase, and designed to achieve specific scientific goals, often a consequence of technological advances in telescope and/or detector capabilities. Specific advances in lightweight X-ray optics and mirror coatings and the development of high efficiency solid state CdTeZn detectors were major elements in the selection of NuSTAR, the first high energy (3 -79 keV) X-ray focusing telescope in orbit.
The NuSTAR observatory
The NuSTAR observatory consists of two co-aligned hard X-ray telescopes pointed at celestial targets by a three axis stabilized spacecraft based on Orbital Science's LeoStar-2 bus. Spacecraft attitude is determined using three star cameras 2 mounted on the spacecraft bus. The X-ray optics and detector benches are separated by a stiff mast that includes a mechanism with the capability of making small adjustments to optimize the location of the optical axis on the focal plane detectors (see Fig.1 ). The X-ray optics bench consists of two Wolter-I conical approximation 3 mirror modules, each with 133 shells coated with multiple layers of W/Si and Pt/C, limiting the highest efficient reflectivity to the Pt 78.4 keV K-edge 4, 5, 6 . The focal plane bench is mounted on the spacecraft bus and consists of two independent solid state photon counting detector modules (FPMA & B), each with a 2x2 array of CdZnTe (CZT) crystal detectors, surrounded by CsI anti-coincidence shielding. The detectors are passively cooled and operate at 15°C 7 .
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Ground station support
Ground station support scheduling is based on the expected data volume for the targets tabulated in each OPRM block. Standard operations support uses four contacts per day through the Italian Space Agency's (ASI) Malindi ground station in Kenya. This provides approximately 100% margin for data recovery during nominal science operations. Additional ground station passes are scheduled to support the higher data volume observations of bright X-ray sources, like the Crab Nebula, using Kongsberg Satellite Services antenna in Singapore and Universal Space Network's antennas at South Point, Hawaii. Data recovery during the primary mission as been outstanding, with > 99.995% of all science data downlinked and delivered to the SOC. This is in large part due to the automation of ground station contact activities at the MOC, including software that detects data transmission dropouts and autonomously sends retransmission commands to the spacecraft. This has resulted in only 2 seconds of science data lost in the last year of operations 8 .
OBSERVATION PLANNING
NuSTAR was designed to be able to access 80% of the sky at any time and to stare at a location on the celestial sphere for periods as long as a month with a duty cycle of > 50%. This observatory efficiency is primarily determined by the occultation of a target by the Earth during each orbit. The detectors remain active during Earth occultation, essentially recording instrumental background. Each observation thus consists of an occulted and un-occulted period each orbit with exposure time built up over multiple orbits in ~3000 second exposures. The duration of each un-occulted period depends on the plane of the NuSTAR orbit at the time of the observation. The NuSTAR orbit inclination is 6° so for targets with low Declinations (|Dec| < 55°) there is at most a 15% range in un-occulted duration over the ∼50-day nodal precession period. Targets at higher Declinations have a larger variation of available exposure time and for observations with exposure time goals that will take longer then one day to achieve, these higher efficiency dates are taken into account during target scheduling.
Other considerations for scheduling observations include:
• Passage of the spacecraft through the South Atlantic Anomaly (SAA) where the higher level of particle induced background is detected by the anti-coincidence shielding. During these passages the CZT detectors remain active but the X-ray events are not recorded because the increased background would swamp the signal from astrophysical sources (and increase onboard data accumulation). SAA passages occur in approximately 50% of all orbits and can last up to 850 seconds. The average impact of SAA passages on the available exposure time for an observation is <10%.
• NuSTAR spacecraft attitude is determined from three star tracker cameras mounted on the spacecraft bus (called Camera Head Units, or CHU1,2,3) and at least one of these cameras must provide a valid attitude solution at all times. There are periods when an observation would result in all three CHU occulted by the Earth, Moon, or Sun. These CHU blockage scheduling constraints can last up to 3 days.
• The NuSTAR telescope is designed to perform Solar observations so the Sun avoidance angle is determined from the constraints on the absolute pointing determination from the star tracker mounted on the optics bench (CHU4). The baffling around CHU4 enables valid attitude solutions when the Sun is > 39° from the telescope boresight, but the operational limit for Sun avoidance is > 50° due to solar array limits.
• Moon avoidance angle is determined from measurements of CHU4 performance during observations close to the full Moon and is set to > 14°.
• Some observations, particularly of extended sources or survey observations with overlapping tiles, will have constraints on the Position Angle (PA) during an observation. A PA requirement for an observation results in a scheduling constraint because the power and thermal limits for the spacecraft determine the roll angle of the telescope boresight to the Sun-Earth vector. There is a 10° margin allowed for this constraint, and so a particular PA can only be maintained for a limited duration, from 5 days to a few months depending on the ecliptic latitude of a target (see Fig. 3 ).
The optimal schedule for observations minimizes the slew time between targets and maximizes the available exposure time for each observation. This is parameterized as an "observation efficiency", with a requirement that the average for the entire mission be > 50%, and has consistently remained above 54% during the primary mission. 
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Coordinated observations
NuSTAR complements observations using current soft X-ray observatories like Chandra, XMM-Newton, Suzaku, and Swift and is a bridge to low resolution non-focusing or coded mask instruments operated in the hard X-ray band by INTEGRAL, Fermi, MAXI, and Swift-BAT. The capabilities of NuSTAR are being used to break model degeneracy within interpretations from soft X-ray observations alone. This capability was understood before launch and a collaboration between the NuSTAR and Swift missions has been undertaken where all NuSTAR observations have simultaneous Swift-XRT observations of 2 ksec or more. In addition, more then 1.5 Msec of XMM-Newton observation time, including two large programs, were awarded to the NuSTAR team in AO-11 even before the NuSTAR launch.
Joint observation programs have also been offered to the community within the 2013 proposal calls for XMM-Newton and Chandra observatories with NuSTAR observing time allocated before the implementation of any NuSTAR guest observer program. This is a significant investment in observatory time (>10%) during the primary mission, and the interest in exploiting the capability of coordinated observations in the soft and hard X-ray bands is high; the 1.5 Msec of NuSTAR time offered in the latest XMM-Newton AO was oversubscribed by a factor of six.
The level of coordination with other observatories, including ground-based observatories like HESS, MAGIC, and VERITAS, is unprecedented for a new mission; with more then 15% of all NuSTAR observations requiring some coordination of scheduling. Scheduling constraints for NuSTAR are mild in comparison with other space observatories and so the NuSTAR schedule will most often follow the timing of observations for other observatories. The flexibility in the NuSTAR MPS allows straightforward determination of target visibility and rapid scheduling adjustment.
ToO response
NuSTAR is designed to be able to access 80% of the sky at any given time and this makes it a powerful telescope for Target of Opportunity (ToO) investigations. The streamlined operations model for NuSTAR, accomplished in large part by the successful automation of operations at the MOC, minimizes operations costs but results in response times to ToOs limited by staffing in the SOC and MOC (standard business hours) and the availability of ground station or TDRSS contacts (4 / day).
It was expected before launch that only a handful of ToO's would be executed during the primary mission, but the community interest is high in exploiting NuSTAR for studies of transient and time-variable phenomena, and on average two ToOs have been executed every month. The majority of these ToOs have required a response time of <7 days, but the record for response from ToO request to the telescope on target is 6.5 hours.
DATA ANALYSIS
NuSTAR data analysis is performed by a software package called NuSTARDAS developed at the ASI Science Data Center (ASDC, Italy) in collaboration with the NuSTAR SOC. The design of the NuSTARDAS pipeline software and calibration files is based on community standard implementations used in analysis of data from high-energy astrophysics observatories. This reduces the data analysis effort because of the community's familiarity with standard tools and protocols. NuSTARDAS is fully compatible and integrated with the HEASoft software package, maintained and distributed by the NASA-HEASARC data center 10 , and is officially distributed to users within its standard public software releases.
The NuSTARDAS package produces cleaned and calibrated detector event list files and standard high-level scientific products, starting from the FITS formatted telemetry data following the NASA-OGIP standards 11 . The software is designed as a collection of modules (tasks), written in the HEASoft FTOOLS style, each dedicated to a single function. The package also includes a pipeline processing script ('nupipeline') allowing users to automatically run in sequence all the tasks required for data processing.
The NuSTARDAS parameter interface is implemented with the HEASoft Parameter Interface Library and the I/O with the FITS data files makes use of the FITSIO library 12 . NuSTARDAS makes exclusive use of open source software (C and Perl languages) and multi-mission FTOOLS from the HEASoft package are also used in several NuSTARDAS modules. NuSTARDAS tasks retrieve observatory calibration files that are complaint with the standard structures of HEASARC's calibration database (CALDB) system.
Public access of NuSTARDAS
The NuSTARDAS package has been designed to allow the community to reproduce any stage of the NuSTAR data processing, which could be necessary, for example, because of improved calibration information, or updated software modules. It is also often the case that detailed scientific analysis of observations requires use non-standard data processing settings and this is achieved through the interface of parameters in the nupipeline script and the NuSTARDAS packages.
NuSTARDAS is integrated within the HEASoft data analysis package and can be freely downloaded from HEASARC (http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/) and is available for multiple operating system platforms. A software users guide with detailed information and processing examples is available on the NuSTAR archive website (http://heasarc.gsfc.nasa.gov/docs/nustar/index.html). Updates to NuSTARDAS and CALDB are expected throughout the mission as refinements of data processing tools and calibration updates become available.
DATA ARCHIVE
The adoption of common standards for data formats, calibration, and analysis software by the high-energy astrophysics community began in 1990 with the creation of the NASA's High Energy Astrophysics Science Archive Research Center (HEASARC 10 ) at the Goddard Space Flight Center in Greenbelt, MD. HEASARC pioneered a model of data centers staffed by research scientists that has been adopted by science archives for infrared (IRSA, Caltech 13 ) and optical/UV (MAST, STSci 14 ) astronomical data. The data and software standards developed by the HEASARC provide the underlying infrastructure for the curation and interpretation of data from a wide variety of missions, substantially reducing mission costs while increasing science return.
HEASARC is the primary archive for NuSTAR data, calibration files and data analysis software. The HEASARC's archive services allow scientists to identify, display, cross-correlate, download and analyze data from a variety of past and active missions -including ASCA, BeppoSAX, Chandra, CGRO, Einstein, Fermi, INTEGRAL, ROSAT, RXTE, Suzaku, Swift, WMAP and XMM-Newton -and provides access to a wide range of multi-wavelength sky surveys, astronomical catalogs and other resources.
The NuSTAR data archive is also mirrored at the Agenzia Spaziale Italiana (ASI) Science Data Center (ASDC, Rome) that supports the multi-mission archive for European space astrophysics.
OBSERVATORY ON-ORBIT PERFORMANCE
The performance of the observatory has been verified with extensive ground calibration and modeling performed prior to launch, refined with a number of calibration observations and activities during a one month in-orbit checkout period after launch, but also utilizing science observations from the first two years of operations 15 .
Solar activity
The sensitivity of the NuSTAR instrument to changes induced in the SAA by varying levels of Solar activity is higher then expected from pre-launch modeling and has required development of additional screening criteria in data processing. The screening identifies SAA passages by comparing the high gain instrument shield event rates to increases in CZT detector count rates. Fig. 5 illustrates the stability of background event rates (< 1 cts/s) during an observation with minimal Solar activity. NuSTARDAS parameters saamode = Optimized and Strict may be used to filter increased background periods around the SAA. The example in the middle panel of Fig. 5 shows the spatial effect of the different SAA filter modes for an observation on 2014-05-05 where the geomagnetic activity index rose to Kp = 4.
Investigation of the time variation of NuSTAR instrument background rates has also identified a North West spur to the SAA ("The Tentacle"). Removal of these intervals is performed within NuSTARDAS by monitoring the increase in detector background event rates as the spacecraft is entering the SAA. The NuSTARDAS parameter tentacle = yes will filter these periods of higher background, the example in the lower panels of Fig. 5 is from an observation on 2013-10-08 when the geomagnetic activity index rose to K p = 5 (NOAA space weather geomagnetic storm level G1). The algorithm for these SAA related filters has been verified for observations of steady sources with fluxes not dominating ..G.:,I over the dete source variab Figure 5 . the region with no m 4 event, a minor geo Solar X-ray screening in time around t
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The mast stru system, whic simulations b (~1′) across that depend across the sk exactly as mo adjustments to the spacecraft attitude to keep the spacecraft at the "correct" attitude. This pattern is repeated throughout the observation, only slowly changing as the NuSTAR orbit precesses and the occultation timing for the CHUs change.
The impact of this additional motion on the scientific quality of most observations is minimal because 90% of the total on-target time, for observations at almost all Solar aspect angle, places targets within ±1.5 mm (30″) of the centroid of the motion. Fig. 9 shows a contour image of the relative motion of the target position on the focal plane taken from over 800 observations (>3x10 6 measurements) during the first two years of the mission. The relative positions are normalized with the centroids for each observation placed at [6, 6] . The plot has a logarithmic scale with 90% of all target position measurements within the red contour area. Figure 9 . Contour image of target positions on the focal plane normalized to the centroid of the motion in each observation (placed at [6, 6] ). The contour has a logarithmic scale to show the extent of the relative motion. 90% of the total on-target time for the mission has target positions within ±1.5 mm (30″; red area) of the centroid of the motion.
CONCLUSION
There has been no measureable degradation in the NuSTAR instrument or spacecraft performance since launch, with only expected adjustments to shield threshold levels and nominal OA location performed as the observatory ages onorbit. Operations costs are very low, a consequence of significant automation in mission operations, with science operations performed by a small team of scientists and engineers at the SOC.
The response of the 2014 NASA Senior review to the proposed extension of NuSTAR operations past the primary mission was very positive; NuSTAR was ranked second out of the nine missions reviewed, and NASA has directed the project to implement a Guest Observer (GO) program in 2015. Half of the observing time will be made available to the community in the GO program, split between the NuSTAR cycle 1 (6.5 Msec), XMM-Newton cycle 14 (1.5 Msec) and Chandra cycle 17 (0.5 Msec) solicitations. The NuSTAR cycle 1 solicitation will also include the opportunity to propose for joint Suzaku (0.5 Msec) observation programs. The importance of 'unplanned' observations has also been recognized by the project and 15% of observing time has been allocated to ToO and directors discretionary time.
The ability deploy an X-ray optics on-orbit has enabled a low cost solution for X-ray telescopes and is paving the way for a new generation of space observatories; the next implementation of a similar system will be on the ASTRO-H mission 16 .
NuSTAR is providing astronomers with image and spectral resolution an order of magnitude higher then previous astrophysics missions operating at hard X-ray energies and is close to completing a two year primary mission. There have been more then 50 papers published in refereed journals so far, making fundamental advances in areas of central importance to astrophysics 17 . The NuSTAR observatory has been highly productive on a small budget and is providing a great return on NASA's investment.
